Summary Cinnamaldehyde (CNA), a pungent compound in cinnamon or dried bark of cassia, is a TRPA1 agonist. The effect of 0.1-1.0% CNA on pair-fed mice with high fat and high sucrose (HFS) diet for 1 mo was investigated. The total food intake was similar in the mice fed control and CNA diets, but the body weight showed a tendency to be lower in CNAfed mice than in control mice. By adding CNA at 0.1, 0.5, and 1.0% concentrations, the weight of the mesenteric adipose tissue decreased significantly, and there was a tendency foward lower perirenal and epididymal adipose tissue weights compared to the control. No differences were found in any blood component measured. UCP1 protein levels in the interscapular brown adipose tissue were higher in the 0.5 and 1.0% CNA groups than in the HSF group, as shown by Western blotting. Collectively, these data show that the addition of CNA diminishes visceral fat deposition in HFS diet-fed mice, in part by stimulating interscapular brown adipose tissue.
In recent years, the number of patients with lifestylerelated diseases such as arteriosclerosis, diabetes, hypertension, and certain kinds of cancer has been increasing rapidly. Obesity is a serious risk factor for lifestylerelated diseases because many adiopocytokines secreted from the adipose tissue, especially from the visceral fat, regulate body functions in these diseases. Therefore, prevention of or diminishing obesity is very important for the prevention of life style-related diseases.
Cinnamaldehyde (CNA) is a pungent compound in cinnamon ( Cinnamomum verum ) and in the dried bark of cassia ( C. cassia ). Dried bark contains 1.0-3.4% essential oil, which consists of 75-90% CNA. CNA has been reported to show central inhibition ( 1 ), vasodilation ( 2 ), inhibition of gastric motility ( 3 ), induction of adrenal catecholamine secretion ( 4 ), and improvement of type 2 diabetes ( 5 ).
CNA is an agonist of transient receptor potential cation channel, subfamily A, member 1 (TRPA1) ( 6 ), a thermosensitive TRP ion channel ( 7 ) . Volatile pungent compounds such as allyl isothiocyanate (AITC), found in wasabi or mustard, activate TRPA1 ( 8 ) . Transient receptor potential cation channel, subfamily V, member 1 (TRPV1) and TRPA1 are co-expressed in sensory nerve endings ( 7 , 9 ) . TRPV1 agonists such as capsaicin (CAP) inhibit visceral fat deposition through energy metabolism enhancement ( 10 ) . On the other hand, intramuscular injection of AITC (3 mg/kg) increases the temperature of interscapular brown adipose tissue (IBAT) in rats ( 11 ) . In addition, intragastric administration of CNA induces temperature increases in the rectum and IBAT in mice ( 12 ) . Furthermore, intragastric CNA dose-dependently stimulates adrenaline secretion in anesthetized rats ( 13 ) . We therefore hypothesized that TRPA1 agonists may also decrease fat deposition. In this study, the effect of the addition of CNA to highfat and high sucrose (HFS) diets in mice was investigated.
MATERIALS AND METHODS

Animal procedures.
All animal experiments were approved by the Animal Care and Use Committee of the University of Shizuoka. Male C57Bl/6 Cr mice of 5 wk (Japan SLC, Inc., Shizuoka, Japan) were used. They were housed individually in a temperature (23 Ϯ 1˚C), humidity (55 Ϯ 5%), and light-cycle controlled (lights on from 0700 to 1900) room.
Firstly, powdered standard laboratory diet (MF, Oriental Yeast Co., Ltd., Tokyo, Japan) was fed in specialized feeding baskets to mice (1-8179-01, As One Co., Osaka, Japan) for 5 d ad libitum to accustomed them to a powdered diet. Then, the mice were divided into 4 groups and each group received a daily experimental diet. The composition of each experimental diet was as follows: high fat and high sucrose (HFS), HFS ϩ 0.1% CNA (CNA 0.1, trans-cinnamaldehyde, purity 99%, Sigma), HFS ϩ 0.5% CNA (CNA 0.5), and HFS ϩ 1.0% CNA (CNA 1.0) ( Table 1 ). The HFS diet was given to mice to easily * To whom correspondence should be addressed. E-mail: watanbt@u-shizuoka-ken.ac. induce obesity ( 14 ) . The HFS experimental diets contained (on an energy basis) 31.9% carbohydrate, including sucrose, 25.0% protein, and 48.0% fat. Experimental diets were pair-fed for 30 d. To simplify weight measurement of the dropped food, ALPHA-dry (Shepherd Specialty Papers, Watertown, TN, USA) was used for bedding. Body weight and food intake were measured daily between 0900 and 1200.
After 30 d of an experimental diet, mice were starved for 8 h from 0500 and dissected under ether anesthesia. Blood (800-1,000 L) was withdrawn from the inferior vena cava, and tissues (heart, spleen, liver, kidney, pancreas, IBAT, mesenteric adipose tissue, perirenal adipose tissue, and epididymal adipose tissue) were extirpated. IBAT was frozen with liquid nitrogen and kept at Ϫ 80˚C until the uncoupling protein 1 (UCP1) levels were assayed. Collected blood was kept at room temperature for 60 min and then placed on ice. Serum was separated by centrifugation, and serum glucose, triglyceride, total cholesterol, and non-esterified fatty acid (NEFA) were measured using commercial kits (Wako Pure Chemical Industries, Ltd., Osaka, Japan) on a 0.05 ϫ scale, as stated in the supplier's manual. Absorbance was measured on a microplate reader (Spectramax 190, Molecular Devices, Missisauga, Ontario, Canada) using a 96-well microplate.
On day 28 of experimental feeding, mice were transferred into metabolic chambers and feces were collected for 24 h. Feces were freeze-dried, and fats were extracted with CHCl 3 : MeOH ϭ 2 : 1. The extracts (organic layer) were washed with a 0.8% KCl aqueous solution. After drying with Na 2 SO 4 , organic solvents were evaporated under a N 2 stream, and fat contents were measured to obtain apparent fat digestibility values.
Measurement of UCP1 content in IBAT. The mitochondrial fraction was prepared as previously described by Cannon and Lindberg ( 15 ) . In brief, IBAT was minced with scissors and homogenized with 0.3 mL of sucrose buffer (0.3 M sucrose, 10 m M Tris, 2.2 m M EDTA, pH 7.2). The supernatant, containing the microsome fraction, was discarded. The remaining pellet was rehomogenized with 50 L of sucrose buffer and transferred into a new 1.5-mL eppendorf-type microtest tube. Sucrose buffer (450 L) was added and the mixture was well shaken. The resulting suspension was centrifuged at 700 ϫ g for 10 min at 4˚C. The supernatant containing the mitochondrial fraction was again transferred into a new 1.5-mL test tube and centrifuged (8,000 ϫ g , 10 min, 4˚C). The supernatant was discarded and 30 L of 0.25 M sucrose was added and homogenized. After 40 ϫ dilution with 0.25 M sucrose, mitochondrial protein content was measured using a BCA protein assay kit (Pierce, Rockford, IL, USA).
UCP1 levels in the mitochondrial fraction in IBAT were measured by Western blotting. An equivalent amount (2.5 g of protein) of the mitochondrial fraction was loaded for SDS polyacrylamide gel electrophoresis (12.5%), and the protein was transferred onto the PVDF membrane (Immobilon-P, Millipore). The PVDF membrane was soaked with an aqueous 5% skim milk solution for 1 h at rt and washed with Tween-PBS solution. The membrane was soaked with anti-UCP1 antibody (in Tween-PBS (1 : 2,000, Cat. number 662045, Calbiochem) for 1 h at rt, followed by washing with Tween-PBS 3 times for 10 min, and then treated with 2nd antigen labeled with horseradish peroxidase in Tween-PBS (1 : 20,000, NA934, GE Health Care) for 1 h. After washing with Tween-PBS 3 times, ECL (125 L/cm 2 PVDF membrane, GE Health Care) was added and left to react for 1 min at rt. Stained protein was detected by a chemical luminescence detector (LAS 3000, Fuji Film, Tokyo, Japan) and analyzed with software (Multi Gauge Ver. 3.0, Fuji Film). The protein content of UCP1 was normalized to that of the HFS group.
Statistics. All data are presented as mean Ϯ standard error of mean (SE). All statistical analyses were carried out by using Prism 4 (GraphPad Software, La Jolla, CA, USA). For comparing 2 groups, differences were evaluated using the unpaired t -test. Differences among 3 or 
RESULTS
Changes in visceral fat accumulation by ingestion of CNA
A HFS diet was used as a control to induce obesity. The total energy intake and body weight gain in 1 mo after consumption of control and CNA diets showed similar values except for lower body weight gain in the 1.0% CNA group at day 30 (Table 2, Fig. 1 ). Additionally, 24-h fecal lipid contents were measured at day 28 of the experiment, and there were no differences in apparent fat digestibility. The final body weight of the 1.0% CNA diet group was significantly lower than that of the control group (Table 2) . By adding CNA at 0.1, 0.5, and 1.0% levels, the weight of the mesenteric adipose tissue was decreased significantly (Table 2) . Furthermore, the weights of perirenal and epididymal adipose tissues showed a tendency to diminish, and in the 1.0% CNA diet group, the weight of perirenal white adipose tissue (WAT) was significantly reduced (Table 2) . However, the weight of other organs was not different between the 2 groups ( Table 2 ). No differences in the blood component levels were found in any factor measured (Table 3) .
Contents of mitochondrial protein and UCP1 in IBAT
The mitochondrial protein contents in IBAT were higher in the 1.0% CNA diet than in the HFS group ( Fig. 2A) . UCP1 protein levels in IBAT per 2.5 g mitochondrial protein were also higher in the 0.5% and 1% CNA diets than in the HFS group, as measured by Western blotting (Fig. 2B and C) .
DISCUSSION
Iwasaki et al. investigated the effect of CNA on energy metabolism through the activation of TRPA1 by adrenaline secretion from the adrenal gland as an index of energy metabolism in rats. Intravenous injection of CNA (10 mg/kg) induced adrenaline secretion ( 13 ) . Furthermore, we found that intragastric administration of CNA (25-250 mg/kg, p.o.) increased adrenaline secretion dose-dependently (Tanabe M, Iwasaki Y, and Watanabe T, unpublished data). With pretreatment with a large amount of CAP, which is known to cause temporal impairment of primary afferent neurons expressing TRPA1 ( 16 ), the adrenaline secretion of CNA was inhibited ( 13 ) . Furthermore, concomitant injection of acetylcholine receptor inhibitors, namely, hexamethonium and atropine, also blocked the effect of CNA on adrenaline secretion ( 13 ). These results suggest that CNA promotes adrenaline secretion from the adrenal gland via the activation of TRPA1 through the same mechanism as CAP, which activates CAP-sensitive primary afferent neurons and stimulates adrenal sympathetic nerves, resulting in adrenaline secretion (17, 18) . These data indicate that CNA enhances energy metabolism similarly to CAP. We then tested whether CNA inhibits body fat accumulation under HFS diet feeding in mice and found that CNA addition to HFS diets decreased visceral fat deposition. As mentioned above, adrenaline can be increased by CNA ingestion, but it is difficult to measure circulating adrenaline levels in mice because the sensitivity of HPLC-EC is too low for detection in blood samples of less than 1 mL. Adrenaline induces lipolysis in visceral fat (19) and is thought to be one of the inhibitory causes of fat accumulation.
Blood levels of adipocytokines such as leptin or adiponectin are known to change according to decreases in obesity (20) . The effects of CNA addition to HFS on leptin or adiponectin need to be clarified.
Brown adipose tissue (BAT) is a highly differentiated tissue that functions in heat production. Its brown color is due to the richness of mitochondria and cytochrome contents, as well as an abundance of blood capillaries and high blood flow. In BAT, sympathetic nerves are more densely innervated than in white adipose tissue and ␤-adrenergic receptors exist on the plasma membrane. Heat production in BAT is directly controlled by noradrenaline released from sympathetic nerve endings. UCP1 is a thermogenic protein in BAT and releases heat by uncoupling oxidative phosphorylation in the mitochondrial inner membrane (21) . Because UCP1 expression is increased by noradrenaline released from sympathetic nerve endings (22) , its level in BAT is an indirect index for sympathetic nerve activity. We also measured mitochondrial protein and UCP1 contents in IBAT. Mitochondrial proteins were generally increased, and UCP1 contents significantly increased, by CNA intake. These data suggest that CNA enhances heat production, in part, through the activation of sympathetic nerves and may contribute to promotion of energy metabolism and body fat accumulation. This study demonstrated that ingestion of CNA can prevent HFS diet-induced visceral WAT accumulation and increase expression of UCP1 in IBAT in mice. CNA may be useful as an effective compound in obesity prevention or thermogenesis promotion.
